Transition State Theory and Tight Binding
The incredible catalytic rate enhancements caused by enzymes led Linus Pauling (1) to suggest that enzymes bind tightly to substrates distorted toward the transition state, thereby concentrating them and enforcing catalysis. Wolfenden (2) explained that chemically stable analogues that resemble the transition state would be expected to bind more tightly than substrate by factors resembling the rate enhancement imposed by enzymes. The theory for tight binding of transition state analogues was supported by natural product chemistry and synthetic approaches to mimics of proposed enzymatic transition states (3) (4) (5) . The well documented tight binding of transition state analogues confirms the thermodynamic aspects of tight binding by mimics of enzymatic transition states.
Recently, protein dynamic motion has been proposed to account for catalysis without the necessity of tight binding at the transition state, where the transition state is formed by the instantaneous and optimal alignment of functional groups at the catalytic site (6) . Single molecule kinetics of enzymes supports the dynamic search mode of catalysis, with individual catalytic events showing a wide range of time intervals that average to the observed collective property of the enzyme (7) .
In the dynamic theory of catalysis, tight binding of a chemically stable transition state analogue arises from a conformational collapse of the protein around the inhibitor (8) . The presence of a stable, attractive analogue causes a conformational convergence to the transition state geometry. Without catalysis the analogue forms a tightly bound complex. The dynamics of transition state formation is converted into static binding energy.
Experimental Determination of Enzymatic Transition States
Transition state analysis of enzymatic reactions and the use of transition state (TS) 2 information to design transition state analogues requires: 1) a target enzyme with chemistry suited for kinetic isotope effect (KIE) analysis; 2) substrates with isotopic substitutions at the reaction center; 3) intrinsic KIEs (isotope effects from the chemical step); 4) a computed transition state matching the intrinsic KIEs; 5) a molecular electrostatic potential (MESP) map of the TS; 6) a stable compound to match the MESP map; and 7) testing of the TS analogue against the target enzyme. This procedure has been developed gradually in parallel with the advances in KIE enzymology, computational chemistry, and synthetic organic chemistry with numerous laboratories making important contributions (9 -15) . Some examples of this newly developing field are provided here.
Bovine Purine Nucleoside Phosphorylase
Purine nucleoside phosphorylase has been a biochemical target for T-cell proliferation diseases since 1975 when Eloise Giblett (16) discovered that the human genetic deficiency of PNP led to T-cell immune deficiency, with other blood cells and tissues being normal. The metabolic defect results in the accumulation of 2Ј-deoxyguanosine in blood. Deoxyguanosine is phosphorylated to generate excess dGTP only in dividing T-cells (16) . Bovine PNP (bPNP) was used as a surrogate for the human enzyme because at 87% amino acid sequence identity it was assumed that the transition state structures would be identical for bovine and human PNPs. The KIEs were measured for arsenolysis of inosine isotopically labeled in seven different positions, including 5Ј- 14 C as a remote label control ( Fig. 1; Ref. 17) . Binding of the TS analogue Immucillin-H is 739,000 tighter than substrate binding as judged by the K m value for inosine (18) . Tight binding of TS analogues is dependent on both the geometry and charge of the analogue resembling the transition state more closely than the substrate (19) . Geometric and electrostatic similarity is apparent in the molecular electrostatic potential surfaces (MEPS) for the TS of bPNP compared with Immucillin-H, and both of these differ from the MEPS of the substrate ( Fig. 2 ; Ref. 18) .
Immucillin-H was found to be a 56 pM inhibitor of human PNP (hPNP). It was a surprise to find that that binding of Immucillin-H differed for bPNP and hPNP given the 87% amino acid overall sequence identity and 100% conservation at the catalytic sites. Yet, the difference in TS analogue binding suggested different transition states.
Human Purine Nucleoside Phosphorylase
The TS structure of hPNP was established from KIEs and computational analysis (20) . A comparison of the KIE values for bPNP ( Fig. 1 ) with those for hPNP ( Fig. 3) established different KIE values. Thus, the TS structures are different.
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hypoxanthine leaving group; 2) the increased cationic charge at C-1Ј (the anomeric carbon), because unlike bPNP, electrons are not effectively shared across the 3-Å distance to the leaving group; and 3) tolerance for the 2Ј-deoxyribosyl analogue, because the physiological substrate for hPNP is 2Ј-deoxyguanosine. These features of the transition state for hPNP led to the design and synthesis of DADMe-Immucillin-H (21, 22). DADMe-Immucillin-H is a more powerful inhibitor for hPNP than Immucillin-H is for bPNP (compare Figs. 1 and 3) . Moreover, DADMe-Immucillin-H shows 8-fold higher specificity for human than bovine PNP (Fig. 3) . Thus, detailed transition state information provides a powerful tool for the design of tight binding and specific transition state analogues, even for closely related isozymes with high amino acid sequence homology. Attaining high specificity and high affinity with the synthesis of only a few molecules is unprecedented in drug design and establishes the value of transition state information.
The difference between the transition states for human and bovine PNPs is also evident in their MEPS (Fig. 4) . Comparison of the charge and geometry between inosine, transition state, and DADMe-Immucillin-H establishes the high similarity between the transition state and the inhibitor. Accordingly, DADMe-Immucillin-H binds 2,400,000 times tighter than substrate according to the K m /K d ratio (21) . Chemical synthesis of Immucillin-H requires the incorporation of four stereochemical centers and is inherently difficult (23, 24) . In contrast, DADMe-Immucillin-H has two stereocenters and can be made using the Mannich reaction, a three-way condensation of 9-deazahypoxanthine, 3-hydroxy-4-methoxy-pyrrolidine and formaldehyde under mild aqueous conditions (25) .
Biological Action of the Immucillins
Pharmacological applications of powerful inhibitors depend on their biological availability, specificity for their targets, and time of action. Oral administration of either Immucillin-H or DADMe-Immucillin-H causes rapid whole body inhibition of PNP in mice as indicated by the activity of the enzyme in the blood (21) . A single oral dose of Immucillin-H gave complete inhibition of blood PNP. Recovery time for 50% of normal blood PNP activity was 4 days. Thus, the inhibitor has oral availability and a long lifetime on its target. A single oral dose of DADMeImmucillin-H caused rapid inhibition of mouse blood PNP and return of blood PNP activity with a t1 ⁄ 2 of 11.5 days, the time for erythrocyte replacement by hematopoesis (21) .
Immucillin-H and DADMe-Immucillin-H have been tested for toxicity in animal studies, and both inhibitors have entered human clinical trials (26 -28) . Immucillin-H is in clinical trials for T-cell malignancies under the name of Fodosine TM , and DADMe-Immucillin-H is in clinical trials under the name BCX-4208 (www.biocryst.com/index.htm).
Human Methylthioadenosine Phosphorylase
Human methylthioadenosine phosphorylase (MTAP) catalyzes the phosphorolysis of methylthioadenosine (MTA) to adenine and 5-methylthioribose 1-phosphate, an essential step in recycling MTA to S-adenosylmethionine (SAM) (30, 31) . MTA is produced in the polyamine pathway, a target for cancer therapy (32) . SAM is a critical metabolite both as a precursor for polyamine synthesis and for methylation reactions that are essential to provide epigenetic control through methylation of histones and CpG islands in DNA. Kinetic isotope effects for arsenolysis of MTA by MTAP indicated full loss of the N-ribosidic bond and significant nucleophilic participation of the arsenate (33) .
In the phosphorolysis reaction of MTAP the products include fully protonated adenine and 5-methylthioribose 1-phosphate. Arsenate was used in the transition state determination to generate intrinsic kinetic isotope effects. With arsenate, the unstable arsenate intermediate rapidly hydrolyzes to make the reaction irreversible, and methylthioribose is the product (33).
Unlike human and bovine PNPs, the transition state of human MTAP is late in the reaction coordinate. The leaving group bond to adenine is completely broken (3.0 Å), and the bond to the attacking arsenate nucleophile has begun to form (2.0 Å) (Fig. 5) . Loss of the N-ribosidic bond is confirmed by the [9- 15 N]KIE of 1.037, near the upper limit for a 15 N-labeled KIE. This limit can be reached only if the bond between the ribosyl group and adenine is fully broken and N-7 is unprotonated at the transition state (blue in Fig. 5 ). The nature of the late transition state is apparent in the MESP surfaces of reactant, transition state and product (Fig. 6) . MT-DADMe-Immucillin-A was designed as a transition state analogue for MTAP and is an 86 pM slow-onset tight-binding inhibitor.
In biological studies, MT-DADMe-Immucillin-A has been shown to block MTA metabolism in cultured cells and in mice. The combination of MT-DADMe-Immucillin-A together with MTA causes apoptosis in certain head and neck cancer cell lines, apparently from alterations in DNA methylation patterns of CpG islands (36) . Thus, transition state analogues of MTAP may be interesting agents for some types of cancer.
Ribosyl Migration in Ribosyl Transfer
The transition states of PNPs and MTAP feature a cationic ribosyl C-1Ј of ribose that migrates between the N-7-protonated adenine leaving group and the arsenate nucleophile in a mechanism called "nucleophilic displacement by electrophile migration." In this novel mechanism the purine leaving group and the anionic nucleophiles are fixed in the catalytic site, and the flexible ribocation migrates between the fixed nucleophiles (34, 35) . The transition states for bovine PNP, human PNP, and human MTAP all show this characteristic, proposed to be a general mechanism for many sugar transferases (34) . The TS for MTAP is reached when the ribosyl cation has left the adenine and has migrated more than half the distance to the arsenate nucleophile. MTAP does not use adenosine or inosine as substrates and the crystal structure shows the methylthio group surrounded by a hydrophobic pocket in the protein.
Bacterial Methylthioadenosine Nucleosidases
Bacteria communicate with small molecules called autoinducers, first discovered in light generation by Vibrio harveyi, a marine luminescent bacterium (37) . More recently, it has been realized that some bacterial virulence factors, including biofilms, toxins, and adhesion molecules, are under the control of autoinducers (38, 39) . Autoinducers are generated from SAM, and the pathways for two types of autoinducers involve the action of methylthioadenosine nucleosidase (MTAN), expressed by the pfs locus in the Escherichia coli genome (29) . In the production of the tetrahydrofuran autoinducer-2 (AI-2) molecules, MTAN is directly involved in converting S-adenosylhomocysteine (SAH) to ribosylhomocysteine, a direct precursor for AI-2 synthesis. The role of MTAN in homoserine lactones is to recycle MTA to SAM. Blocking the quorum-sensing pathways has been proposed as an approach to new antimicrobial agents (29, 37) . Targeting bacterial intracellular enzymes requires powerful inhibitors. The transition state of E. coli MTAN was solved as described above, and inhibitors were synthesized to match the electrostatic potential surface. Inhibitors to 47 fM were found for E. coli MTAN (Fig. 7 ).
Summary and Conclusions
Kinetic isotope effects linked to computational chemistry provide sufficient information to develop geometric and electrostatic potential maps of enzymatic transition states. These are blueprints for the design of transition state analogues. Chemically stable molecules that resemble the transition states provide a wealth of inhibitors with dissociation constants in the picomolar to femtomolar range. Several of these have entered clinical trials, and others are in preclinical development. Determination of KIEs coupled to computational and synthetic chemistry can contribute significantly to the development of a broad spectrum of useful enzymatic inhibitors. Immucillin-A (29) . This enzyme also uses SAH as substrate, and the para-chloro-phenylthio group is proposed to occupy the catalytic site cavity normally occupied by SAH. This inhibitor binds more tightly to the enzyme than SAH with a K m /K i ratio of 91,000,000. This is one of the tightest binding inhibitors described for any enzyme.
